Genistein, the most abundant isoflavone present in soybean has antiproliferative effects on a variety of cancer cells, including prostate cancer. However, the molecular mechanism of antiproliferative effects of genistein is not entirely understood. Because the activation of telomerase is crucial for cells to gain immortality and proliferation ability, we examined the role of genistein in the regulation of telomerase activity in prostate cancer cells. Here, we show that genisteininduced inhibition in cell proliferation is associated with a reduction in telomerase activity. Using reverse transcriptase-PCR and hTERT promoter activity assays, we showed that genistein decreased hTERT expression and transcriptional activity dose-dependently. Using various deleted hTERT promoter constructs, we defined that the hTERT core promoter is enough to observe the genistein-induced repression of hTERT transcriptional activity. Because c-Myc is involved in transcriptional regulation of hTERT, c-Myc expression was examined. A dose-dependent decrease in c-Myc message and proteins was observed with genistein treatment. These results indicate that genistein represses hTERT transcriptional activity via the down-regulation of c-Myc expression. However, genistein-induced repression of hTERT transcriptional activity was not blocked by the mutation of c-Myc at the hTERT promoter, suggesting that additional factors are involved in genistein-dependent repression of telomerase activity. Interestingly, we observed that genistein down-regulates the activation of Akt thereby phosphorylation of hTERT and inhibits its translocation to the nucleus. These results show for the first time that genistein represses telomerase activity in prostate cancer cells not only by repressing hTERT transcriptional activity via c-Myc but also by posttranslational modification of hTERT via Akt. (Cancer Res 2006; 66(4): 2107-15) 
Introduction
Telomerase is a ribonucleoprotein enzyme with specialized reverse transcriptase activity that catalyzes the synthesis and extension of telomeric DNA (1, 2) . This enzyme is present in germ line cells, cancer-derived cell lines, and spontaneously immortalized cells in culture and is activated in 85% to 90% malignant tumors but usually absent in normal somatic cells, which results in the progressive loss of telomeres with each cell division (3) . Cells require a mechanism to maintain telomere stability to overcome replicative senescence, and telomerase activation may therefore be a rate-limiting step in cellular immortality and oncogenesis (4) .
The telomerase complex is composed of telomerase reverse transcriptase (TERT; ref. 5) , telomerase RNA (6), telomeraseassociated proteins (TEP1; ref. 7) , and chaperone proteins (p23 and Hsp90; ref. 8) . Telomerase RNA, TEP1, p23, and Hsp90 are expressed in a wide variety of cells, irrespective of the presence or absence of telomerase activity. On the other hand, a strong correlation is observed between hTERT mRNA expression and telomerase activity in a variety of epithelial cancers, including cervical (9) , breast, colon (10, 11) , ovarian (12) , and renal (13) carcinomas, indicating that hTERT may be mostly transcriptionally regulated (14) . Transcription factors that are involved in upregulation or down-regulation of hTERT transcriptional activity have been identified by various laboratories (15) (16) (17) (18) (19) (20) (21) (22) (23) . Recent evidence shows that telomerase modulates expression of growthcontrolling genes and enhances cell proliferation (24, 25) .
In addition to its transcriptional regulation, telomerase activity can also be regulated by posttranslational modifications. It has been shown that Akt kinase enhances human telomerase activity through phosphorylation of the hTERT subunit at the region surrounding Ser 824 (26) . In addition, protein kinase C (PKC) has been involved in the phosphorylation of hTERT (27) . Another possible mechanism for posttranslational modulation of telomerase activity is via the interaction of hTERT with accessory proteins. It has been shown that 14-3-3 proteins and nuclear factor-nB (NF-nB) could act as posttranslational modifiers of telomerase by controlling the intracellular localization of hTERT (28, 29) . Therefore, factors that are involved in the regulation of telomerase activity have generated considerable interest in recent years. Such factors have significant importance in understanding and manipulating cell growth in neoplasia. Based on the anticancer effects of various phytoestrogens, we believe that genistein could be such factor.
Genistein (4,5,7-trihydroxyisoflavone) , the most abundant isoflavonic compound of soybeans, has been suggested as the active agent underlying the putative anticancer effect of soy (30) . The mechanisms by which genistein inhibit growth are not entirely understood. However, it is becoming clear that genistein exerts multiple effects on cancer cell growth. A number of studies have reported that genistein suppresses prostate cancer cell proliferation (31) (32) (33) (34) . In other systems, genistein inhibited neovascularization or angiogenesis (34, 35) , protein tyrosine kinases (36) , topoisomerase II (37) , oncogene product activity (38) , and prostaglandin synthesis (39) . In 2004, we reported our initial results at the 86th annual meeting of the Endocrine Society that genistein represses telomerase activity in androgen-independent prostate cancer cell, DU-145 (40) . In the course of this study, one report seemed documenting the role of genistein in the inhibition of telomerase activity in another prostate cancer cell line, LNCaP (41) . It has been proposed that the genistein-induced decrease in telomerase activity is due to the transcriptional repression of hTERT.
The present study was undertaken to obtain an in-depth understanding of the molecular mechanism(s) underlying genistein-induced repression of telomerase activity in prostate cancer cells. Using androgen-independent prostate cancer cell lines, DU-145 and PC-3, we showed that genistein inhibits telomerase activity by repressing hTERT transcriptional activity, as well as posttranslational modification of hTERT. This study suggests for the first time that genistein controls multiple events to regulate telomerase activity in prostate cancer cells. Transcriptional down-regulation of hTERT via c-Myc and posttranslational modification of hTERT protein via the deactivation of Akt are two major events in genistein-induced repression of telomerase activity.
Materials and Methods
Cell line and cell growth assay. DU-145 and PC-3 cells (American Type Culture Collection, Manassas, VA) were grown in IMEM without phenol red (Biofluids, Rockville, MD) supplemented with 10% fetal bovine serum (Quality Biologicals, Gaithersburg, MD), 2 mmol/L glutamine, 100 units/mL penicillin G sodium, and 100 Ag/mL streptomycin sulfate (Sigma, St. Louis, MO) in the presence of 5% CO 2 at 37jC.
For the cell growth experiment, 24 hours after seeding (2 Â 10 4 per well), the attached DU-145 and PC-3 cells were treated with 0, 10, 25, 50, and 100 Amol/L genistein for 1, 2, and 3 days. Genistein containing media were replenished every 24 hours for the duration of the experiment. Control cells received equal amounts of ethyl alcohol (vehicle) in the media. After treatment, cells were washed with 1Â PBS, trypsinized, and resuspended in growth medium. Trypan blue (0.4%) was added to the cell suspension, and both live and dead cells were counted using a hemacytometer.
Immunofluorescence staining. DU-145 cells were plated on ECLcoated (Upstate, Lake Placid, NY) Lab-Tek chamber slide. After 24 hours, cells were treated with 0 and 50 Amol/L genistein for 3 days. Cells were fixed in chilled methanol at À20jC for 30 minutes and then rehydrated and stained with hTERT antibody (Novus Biologicals, Inc., Littleton, CO) for f18 hours at 4jC followed by incubation with Texas Red-conjugated secondary antibody (Jackson ImmunoResearch Laboratories, West Grove, PA) for 30 minutes and counterstained with 4V ,6-diamidino-2-phenylindole (1:500) solution for 10 minutes. Slides were washed, mounted and viewed under a fluorescence microscope (Zeiss AxioPlan2 Imaging System, Jena, Germany).
Preparation of nuclear extracts and immunoprecipitation. The preparation of nuclear extracts was done using the nuclear extraction kit (Active Motif, Carlsbad, CA) according to the manufacturer's instructions. Briefly, cell pellets were resuspended in hypotonic buffer and detergent (provided with the kit) and vortexed for 10 seconds at high speed. The suspension was centrifuged at 14,000 Â g at 4jC. The supernatant was used as the cytoplasmic fraction. Then, nuclear pellet from 1 Â 10 8 cells treated with or without genistein was resuspended in lysis buffer [50 mmol/L Tris (pH 7.4) containing 150 mmol/L NaCl, 1 mmol/L EDTA, 0.5% NP40, 15% glycerol, 1 mmol/L NaF, 1 mmol/L Na 3 VO 4 , 1 mmol/L phenylmethylsulfonyl fluoride, 5 Ag/mL soybean trypsin inhibitor, 5 Ag/mL leupeptin, and 1.75 Ag/mL benzamidine]. Samples were centrifuged (12,000 Â g, 15 minutes) at 4jC, and supernatants were immunoprecipitated with anti-hTERT (1:50; Novocastra Laboratories, Newcastle upon Tyne, United Kingdom) overnight at 4jC. Immune complexes were collected by using protein A/G-Sepharose beads (Santa Cruz Biotechnology, Santa Cruz, CA), washed, and eluted in sample buffer. Samples (equivalent to 1 Â 10 7 cells) were run on 8% SDS-PAGE gels, transferred to nitrocellulose membranes, and probed with phospho-serine antibody (1:1,000; Cell Signaling, Beverly, MA). Blots were developed by using Western Blotting Luminol Reagent (Santa Cruz Biotechnology), and images were captured with the Fuji LAS-1000 imager (Tokyo, Japan).
Western blot analysis. For regular Western blot analysis, protein extracts were prepared from DU-145 and PC-3 cells treated with or without various concentrations of genistein according to our previously published methods (42) . Membranes were probed with total Akt, phospho-Akt Ser 473 and Thr
308
, and poly(ADP-ribose) polymerase (PARP) antibodies (Cell Signaling) separately, then each membrane was stripped and reprobed with h-actin antibody (Sigma) to ensure for equal loading. Molecular weight markers (Invitrogen, Carlsbad, CA) were run on each gel to confirm the molecular size of the immunoreactive proteins.
Caspase-3/7 activity assay. DU-145 and PC-3 cells were plated in triplicates. After 24 hours, cells were treated with various concentrations of genistein (0, 10, 25, 50, 100 Amol/L) or with 10 ng/mL paclitaxel for 24 hours (as positive control), and then caspase activity was measured by a microplate luminometer (Harta Instruments, Inc., Gaithersburg, MD) using the Caspase-Glo 3/7 assay kit (Promega, Madison, WI) according to the manufacturer's protocol.
Telomeric repeat amplification protocol assay. A cellular extract was prepared as described by Banerjee et al. (43) , and the telomeric repeat amplification protocol (TRAP) assay was done according to the method of Kim et al. (3) with some modifications. Detection of telomerase activity in cell extracts was done in a two-step process: (a) telomerase-mediated extension of an oligonucleotides (TS, 5V -AATCCGTCGAGCAGAGTT-3V ) and (b) PCR amplification of the resultant product with forward (TS) and reverse (ACX, 5V -GCGCGGCTTACCCTTACCCTTACCCTAACC-3V ) primers. In addition, as internal control, NT, 5V -ATCGCTTCTCGGCCTTTT-3V ; TSNT, 5V -AATCCGTCGAGCAGAGTTAAAAGGCCGAGAAGCGAT-3V primers were used. Telomeric DNA products were separated by 10% nondenaturing PAGE in 0.5Â Tris-borate-EDTA buffer (pH 8.3) at 300 V for 2.5 hours. Gels were then stained with SYBR Green I, and image was captured with Fuji LAS-1000 imager. TRAP products were quantified by densitometric analysis using NIH Image J program (NIH, Bethesda, MD).
Isolation of total RNA and reverse transcriptase-PCR. DU-145 and PC-3 cells were plated and cultured as described above. RNA was extracted with TRIzol solution as suggested by the manufacturer (Invitrogen). Genes of interest were amplified using 1 Ag of total RNA reverse transcribed to cDNA using Superscript II kit (Invitrogen) with random hexamers. Humanspecific primers were designed by us using the Primer Quest program and purchased from IDT (Coralville, IA). hTERT-F, 5V -CCGAAGAGTGTCTGGAG-CAA-3V ; hTERT-R, 5V -GGATGAAGCCGAGTCTGGA-3V ; TEP1-F, 5V -TCAAGC-CAAACCTGAATCTGAG-3V ; TEP1-R, 5V -CCCGAGTGAATCTTTCTACGC-3V ; and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-F, 5V -CCACC-CATGGCAAAT TCCATGGCA-3V ; GAPDH-R, 5V -TCTAGACGGCAGGT-CAGGTCCACC-3V . PCR reaction was initiated at 94jC for 2 minutes followed by 28 cycles of 94jC for 1 minute, 1-minute annealing temperature, 72jC for 1 minute followed by final extension at 72jC for 5 minutes. Annealing temperatures for hTERT, TEP1, and GAPDH were 58jC, 55jC, and 60jC, respectively. After amplification, PCR products were separated on 1.5% agarose gels and visualized by ethidium bromide fluorescence using the Fuji LAS-1000 imager. Images were captured and imported to Photoshop.
Luciferase assay. DU-145 and PC-3 cells were transfected with pGL3-vector containing either 3.3-kb hTERT promoter-luciferase construct or its deleted constructs along with the c-myc sense or antisense expression vectors using GeneJammer transfection reagent (Stratagene, La Jolla, CA) in the presence of complete growth medium. After 48 hours of transfection, cells were treated with various concentrations of genistein for another 48 hours. Luciferase activity was measured in cell lysates by a microplate luminometer using the Dual Luciferase assay kit (Promega) according to the manufacturer's protocol. Luciferase activity was normalized by Renilla luciferase activity by cotransfection of pRL-TK plasmid. Each experiment was repeated thrice in triplicates.
Statistical analyses. Data from the cell count, caspase-3/7 activity, TRAP, and luciferase assays were derived from at least three independent experiments. For quantification of Western blots and reverse transcriptase-PCR (RT-PCR) products, Image J program was used. Statistical analyses were conducted using the Prism3 GraphPad software, and values were presented as mean F SE. Significance level was calculated using the oneway ANOVA followed by the Dunnett post-test, with an assigned confidence interval of 95%. P < 0.05 was considered significant.
Results
Genistein inhibits growth of human prostate cancer cells without inducing cell death. Although it is known from previous published reports that genistein has antiproliferative effect on prostate cancer cells, to initiate our study, it was necessary to determine the dose that would cause growth arrest but will not induce cell death. Using DU-145 and PC-3, we observed a dosedependent inhibition of growth with genistein treatment (Fig. 1A and B). Significant inhibition of growth (50%) was observed with as little as 25 Amol/L genistein (P < 0.01), and 50 Amol/L ceased cell growth completely without induction of cell death, whereas 100 Amol/L caused a slight but nonsignificant increase in cell death. These results show that 50 Amol/L genistein is capable of inhibiting cell growth completely without inducing cell death. Because, trypan blue staining is a less sensitive method of detecting cell death, we examined the caspase-3/7 activity after 3 days of treatment with various concentrations of genistein. In both DU-145 and PC-3 cells, up to 50 Amol/L genistein did not induce caspase activity over the control level. A slight but nonsignificant increase in caspase activity was observed with 100 to 200 Amol/L genistein treatments, whereas paclitaxel treatment for 24 hours increased caspase activity significantly by 10-fold (Fig. 1C) . Similarly, PARP cleavage was not observed in DU-145 or PC-3 (data not shown) cells with 50 Amol/L (Fig. 1D ), but 200 Amol/L genistein resulted a slight increase in PARP cleavage, indicating an induction of apoptotic cell death with higher doses of genistein. As expected, paclitaxel treatment for 24 hours caused an increase in PARP cleavage (Fig. 1D) . These results suggest that genistein inhibits growth of prostate cancer cells not due to an increase in cell death; rather, genistein is involved in regulating the expression of genes that are involved in cell proliferation. Because telomerase provides indefinite replicative potential of cancer cells and acts as a growthpromoting factor (24, 25) , we examined whether telomerase activity was repressed by the treatment of genistein in prostate cancer cells.
Genistein represses telomerase activity in prostate cancer cells. Because genistein has antiproliferative effect on cancer cells, and the majority of cancer cells expresses high telomerase activity that provide the cancer cell's ability to survive and proliferate, we examined whether genistein represses telomerase activity in prostate cancer cells. Using the TRAP assay, we observed that genistein repressed telomerase activity in both DU-145 and PC-3 cells dose-dependently ( Fig. 2A and B) . Genistein (10 Amol/L) repressed telomerase activity in DU-145 cells significantly (P < 0.05; Fig. 2C ), but such repression was not observed in PC-3 cells at this concentration (Fig. 2D ). However, 25 to 100 Amol/L genistein repressed telomerase activity (f50%) in both DU-145 and PC-3 cells (Fig. 2C and D) . This concentration of genistein did not induce cell death in these prostate cancer cells. This result suggests that genistein has an inhibitory effect on telomerase activity in prostate cancer cells.
Genistein down-regulates hTERT expression but not telomerase-associated protein TEP1. Expression of the hTERT is tightly regulated with telomerase activity in various cancer cells (9-13); therefore, it is important to examine whether the inhibitory effect of genistein on telomerase activity in prostate cancer cells is due to the down-regulation of hTERT expression. We observed that genistein treatment for 3 days decreased hTERT expression in DU-145 ( Fig. 3A) and PC-3 ( Fig. 3B ) dose-dependently. However, the expression of telomerase-associated protein TEP1 did not change ( Fig. 3A and B) . With increasing concentrations of genistein, hTERT message levels were decreased dose-dependently and significantly (P < 0.01; Fig. 3C and D) , and 50 Amol/L genistein decreased >50% of hTERT message. These results suggest that repression of telomerase activity in DU-145 and PC-3 cells with genistein treatment is due to the genistein-dependent downregulation of hTERT expression.
Genistein represses hTERT transcriptional activity in prostate cancer cells, and the minimal core promoter is enough for genistein-induced repression of hTERT. Because the expression of hTERT correlates with the telomerase activity, to understand the molecular mechanism of genistein-induced repression of telomerase activity, we examined the hTERT promoter activity using full-length and various deleted hTERT promoter constructs (21, 44) in prostate cancer cells. Luciferase reporter Figure 1 . Genistein-induced growth inhibition in prostate cancer cells is not due to an induction of apoptotic cell death. DU-145 (A) and PC-3 (B) cells were plated in triplicate wells and exposed to various concentrations of genistein (0, 10, 25, 50, and 100 Amol/L) for 1, 2, and 3 days. After genistein treatment, viable cells (as assessed by trypan blue exclusion dye assay) were counted using a hemacytometer. C, DU-145 and PC3 cells were seeded in triplicate plates and treated with 0, 10, 25, 50, and 100 Amol/L genistein or 10 ng/mL paclitaxel for 3 days. After treatment, caspase activity was measured by Caspase-Glo 3/7 assay. Arbitrary relative light units (rlu ) compared with the background (with no cells). D, Western blot showing PARP cleavage after various doses of genistein treatments on DU-145 cells for 3 days. Paclitaxel-treated DU-145 cell extract was used as positive control. Protein lysates (50 Ag) were resolved on 12% SDS-PAGE, transferred onto nitrocellulose membrane, and probed with anti-PARP antibody. Membranes were reprobed with h-actin antibody to ensure for equal loading. All from at least three independent experiments. Points, mean; bars, SE. *, P < 0.01, significantly different from control.
plasmids containing the full-length (3.3 kb) hTERT 5V regulatory region (pGL3-3328) and basic vector (pGL3-basic) were transiently transfected into DU-145 and PC-3 cells. Transfection of pGL3-3328 induced hTERT promoter activity 45-fold in DU-145 cells and 20-fold in PC-3 cells compared with the basic vector-transfected cells (Fig. 4A) . However, genistein treatment decreased hTERT transcriptional activity dose-dependently in both DU-145 and PC-3 cells (Fig. 4A) . These results suggest that genistein represses hTERT transcriptional activity in prostate cancer cells. To further delineate the region of hTERT promoter responsible for genistein-dependent repression of hTERT promoter activity, various deleted fragments of hTERT promoter were examined. Genistein (50 Amol/L) repressed promoter activity of various deleted fragments of hTERT promoter significantly (P < 0.001) in DU-145 cells and in PC-3 cells (only 181-Luc is shown; Fig. 4B ). These results suggest that the core hTERT promoter (181-Luc) is enough to obtain genisteindependent repression of hTERT transcriptional activity.
Genistein down-regulates c-Myc expression in prostate cancer cells. The core promoter region (À181bp) of hTERT has two c-Myc binding sites, and it has been shown previously that c-Myc regulates telomerase activity (15, (45) (46) (47) . Because c-Myc is involved in telomerase regulation, we were interested in investigating whether genistein alters c-Myc expression in prostate cancer cells. Using RT-PCR assay, we observed that genistein treatment decreased c-Myc expression dose-dependently and significantly (P < 0.01; Fig. 5A ), and >50% of c-Myc message was decreased with 50 Amol/L genistein. Similarly, c-Myc protein was also decreased dose-dependently and significantly (P < 0.01) with various concentrations of genistein treatments (Fig. 5B) . These results show that genistein down-regulates c-Myc expression, and this could be a potential mechanism by which telomerase activity is repressed in prostate cancer cells by genistein.
Genistein down-regulates c-Myc transcriptional activity in prostate cancer cells. Because c-Myc expression is downregulated by genistein, we next investigated whether c-Myc transcriptional activity is down-regulated in these cells. Transient transfection of p-Myc-TA-luciferase construct into DU-145 cells increased c-Myc transcriptional activity 6-fold over the control vector (TA-luciferase) transfected cells (Fig. 5C ). Fifty micromolar genistein treatment decreased c-Myc transcriptional activity significantly (f6-fold; P < 0.001). Similarly, genistein downregulated c-Myc transcriptional activity (c-Myc minimal promoter; XNM-luciferase) significantly (>50%; P < 0.01; Fig. 5C ). These results collectively suggest that genistein down-regulates the c-Myc transcriptional activity and could be a cause of repressed telomerase activity in prostate cancer cells.
c-Myc regulates hTERT transcriptional activity in DU-145 prostate cancer cells, but c-Myc alone is not involved in genistein-induced repression of telomerase activity. Although our previous studies (Fig. 5A-C) show that genistein down-regulates c-Myc expression and transcriptional activity, it does not imply that c-Myc alone is involved in the regulation of telomerase activity in prostate cancer cells. In addition, it has been not evaluated whether genistein can repress telomerase activity in prostate cancer cells without the involvement of c-Myc. To test this, pGL3-181 hTERT promoter with or without sense or antisense c-Myc expression vectors were transfected in DU-145 cells. Transfection of pGL3-181 hTERT alone gave a 60-fold induction of luciferase activity compared with pGL3-basic (Fig. 5D) . Addition of c-Myc expression vector increased hTERT transcriptional activity significantly by 2-fold (P < 0.01) compared with the levels of pGL3-181 hTERT promoter. When antisense c-Myc expression vector was expressed along with pGL3-181-hTERT-promoter, hTERT transcriptional activity was significantly reduced by 3-fold Figure 2 . Genistein represses telomerase activity in prostate cancer cells. A and B, effect of genistein on the level of telomerase activity in DU-145 and PC-3 cells, respectively. Twenty-four hours after plating, cells were exposed to various concentrations of genistein (0, 10, 25, 50, and 100 Amol/L) for 3 days. Cell pellets were collected and subjected to TRAP assay. NC, negative control using lysis buffer only. C and D, quantitative estimations of telomerase activity in DU-145 (C ) and PC-3 (D) cells determined by densitometric measurements of TRAP products from three independent experiments. Columns, mean; bars, SE. *, P < 0.01, significantly different from control. Figure 3 . Genistein down-regulates hTERT expression but not telomerase-associated protein (TEP1) in prostate cancer cells. A and B, after 24 hours of plating, DU-145 (A ) and PC-3 (B ) cells were exposed to various concentrations of genistein (0, 10, 25, 50, and 100 Amol/L). After 3 days of treatment, RNA was extracted, and RT-PCR assays were done to detect hTERT, TEP1, and GAPDH mRNAs. Representative photograph from an experiment that was repeated thrice. C and D, quantitative estimations of hTERT mRNA in DU-145 (C ) and PC3 (D ) cells were determined by densitometric measurements of RT-PCR gels from three independent experiments after normalization with GAPDH. Columns, mean; bars, SE. *, P < 0.01, significantly different from control.
(P < 0.001; Fig. 5D ). These results suggest c-Myc has the ability to regulate transcription of hTERT in prostate cancer cells. To address our second question, we transfected the c-Myc-mutated core hTERT promoter (pGL3-181-Myc-MT1+2-Luc; ref. 21 ) and then treated the cells with or without genistein. In both DU-145 and PC-3 cells, c-Myc-mutated hTERT core promoter failed to block genistein-induced repression of hTERT transcriptional activities completely (Fig. 5D) . These results suggest that the down-regulation of c-Myc is not the only reason for genisteininduced repression of telomerase activity. However, the largest effect of genistein seems to be mediated via c-Myc.
Genistein deactivates AKT in prostate cancer cells. It has been shown that Akt enhances human telomerase activity through phosphorylation of hTERT (26); therefore, we investigated whether the repression of telomerase activity by genistein was due to the deactivation of Akt. As we see in Fig. 6 , total Akt level did not change with various doses of genistein treatment of DU-145 cells, whereas phospho-Akt Ser 473 and Thr 308 residues were decreased dose-dependently (Fig. 6A) . Quantitatively, both phospho-Akt Ser 473 and Thr 308 residues were decreased significantly (P < 0.01) with as little as 10 Amol/L, and with 50 Amol/L genistein, >50% of phosphoAkt Ser 473 and 40% of phospho-Akt Thr 308 were decreased. These results suggest that genistein deactivates Akt kinase by preventing phosphorylation of Ser 473 and Thr 308 residues. Genistein prevents phosphorylation of hTERT and thereby inhibits translocation to the nucleus in prostate cancer cells. Because activated Akt phosphorylates hTERT, and because it is necessary for full telomerase activity, we examined whether phosphorylation of hTERT is inhibited by the genistein treatment. Immunoprecipitation immunoblot analyses show that 50 Amol/L genistein decreased the phospho-hTERT in DU-145 and PC-3 cells (Fig. 6B ). More than 2-fold decrease in phospho-hTERT was observed in genistein-treated DU-145 and PC-3 cells compared with the vehicle-treated cells. Because phosphorylation of hTERT is necessary for its nuclear translocation, we subsequently examined the localization of hTERT protein in DU-145 cells with or without genistein treatments. As we see in Fig. 6C , hTERT protein is localized predominantly in the nucleus, with negligible staining in the cytoplasm. The treatments of 50 Amol/L genistein decreased overall hTERT protein staining intensity accompanied by a complete loss of nuclear but a slight increase in cytoplasmic staining. These results suggest that genistein decreased phosphorylation of hTERT protein and possibly thereby inhibited its translocation to the nucleus.
Discussion
In the present study, we investigated the molecular mechanism of genistein-induced repression of telomerase activity in prostate cancer cells. Using two human prostate cancer cell lines, DU-145 and PC-3, we showed that genistein dose-dependently (10-100 Amol/L) represses telomerase activity. We show that genistein-induced repression of telomerase activity is not only due to the transcriptional inhibition of hTERT but also due to the posttranslational modification of hTERT protein. It is becoming increasingly obvious that the regulation of telomerase is highly complex and multifactorial in mammalian cells. It involves expression of the telomerase gene, association of telomerase-associated proteins (Hsp90 and p23), posttranslational protein-protein interactions, and protein phosphorylation. We focused our initial study by examining the effect of genistein at the transcriptional regulation of hTERT, because large numbers of published reports suggest that the expression of hTERT is tightly correlated with the telomerase activity (9-13). We observed a dosedependent decrease in hTERT mRNA in both DU-145 and PC-3 cells with increasing concentrations of genistein (Fig. 3) , and the decrease in hTERT expression was also associated with a decrease in telomerase activity (Fig. 2) . These results are in agreement with a recently published report in LNCaP cells, where hTERT message level also decreased after genistein treatment (41) . Although we observed a dose-dependent decrease in hTERT message, we did not observe a significant induction in cell death. We believe that the induction of apoptosis or the activation of caspase-3 (48) requires higher genistein concentration (z100 Amol/L). Moreover, we did not observe any change in telomerase-associated protein TEP1, suggesting that the repressive effect of genistein on hTERT is specific. However, TEP1 is not the only telomeraseassociated protein. Other chaperone proteins, such as Hsp90, Hsp70, and p23, are important for telomerase activity by their functional association with telomerase (8) . Expression of these chaperone proteins is up-regulated during malignant transformation or in cancer tissues compared with the noncancerous tissues (49) . It is possible that genistein might alter the expression of these chaperone proteins and inhibit telomerase assemblage that is necessary for full telomerase activity. Therefore, future experiments would be necessary to determine whether genistein alters the expression of telomerase-associated chaperone proteins and thereby alters telomerase assemblage.
Using full-length hTERT promoter construct, we observed that genistein dose-dependently (10-100 Amol/L) repressed the hTERT transcriptional activity in both DU-145 and PC-3 cells (Fig. 4) . These results corroborate with the earlier published result in LNCaP cells (41) . However, the earlier published report has not identified a specific region of hTERT promoter that is responsible for genistein-induced repression. Using various deleted hTERT promoter constructs (pGL3-2000-Luc, pGL3-1375-Luc, and pGL3-181-Luc), we showed that the hTERT core promoter (pGL3-181-Luc) region is enough to obtain genistein-induced repression of hTERT transcriptional activity (Fig. 4) . Therefore, transcription factors that are present at the core promoter region might be involved in genistein-induced repression of telomerase activity. There are two c-myc, five Sp1, one Ets, and two Inr binding sites present at the hTERT core promoter (22) . Out of all these transcription factors, the role of c-Myc in the regulation of hTERT transcription have been studied extensively (15, (45) (46) (47) . It has been shown that c-Myc binds to the E-boxes at the core promoter region of hTERT and activates hTERT transcription (15, 46) . We observed that c-Myc regulates hTERT transcriptional activity in prostate cancer cells (Fig. 5) . This result support the concept that c-Myc is a major regulator of hTERT transcription.
Based on the paramount importance of c-Myc in hTERT transcriptional activation, we examined the expression of c-Myc in genistein-treated or untreated DU-145 cells. We observed that similar to hTERT, c-Myc mRNA and protein levels were also decreased dose-dependently with genistein treatment (Fig. 5) , suggesting that the repression of telomerase activity in prostate cancer cells could be via the decreased expression of c-Myc. These results are in agreement with some previous reports where c-Myc protein and/or mRNA levels were decreased in mouse melanoma and in human colon cancer cell lines (50, 51) as well as in androgen-responsive prostate cancer cells, LNCaP (41) . To understand the precise role of c-Myc in genistein-induced repression of telomerase activity in prostate cancer cells, we transfected c-Myc mutated hTERT core promoter constructs in DU-145 and PC-3 cells and then treated with genistein. We observed that the repressive activity of genistein prevailed even after mutation of c-Myc from the hTERT core promoter, suggesting that c-Myc is not solely involved in the inhibition of telomerase activity in prostate cancer cells by genistein as suggested by Ouchi et al. (41) . Transcription factors that up-regulate telomerase activity, such as Ets or SP1, could also be involved in genisteininduced repression of telomerase activity. Although it is speculative at this time, future experiments would be necessary to confirm the role of Ets or SP1 in genistein-induced repression of telomerase activity.
In addition to the transcriptional regulation of hTERT, posttranslational modifications are also equally important for full . All immunoblots were reprobed with h-actin antibodies to ensure equal loading. Representative photograph from an experiment that was repeated thrice. Quantitative analyses of relative levels of phospho-Akt Ser 473 and phospho-Akt Thr 308 (right ). Columns, mean from three independent immunoblots; bars, SE. *, P < 0.01, significantly different from levels in untreated cells. B, genistein dephosphorylates hTERT in prostate cancer cells. DU-145 and PC-3 cells were treated with or without 50 Amol/L genistein for 3 days, and then cells were harvested, and nuclear fractions were immunoprecipitated with hTERT antibody. Immunoprecipitated proteins were resolved on 8% SDS-PAGE, and immunoblots were probed with phospho-serine antibody. Quantitative analyses of relative levels of phospho-hTERT in the nucleus (right ). Columns, mean of two independent experiments. C, DU-145 cells were plated on chamber slides and treated with or without 50 Amol/L genistein for 3 days then fixed in methanol, incubated with hTERT antibody, and counterstained with 4V ,6-diamidino-2-phenylindole. Slides were then mounted and examined using a fluorescence microscope. Photographs were taken at the same magnification (Â20) and then transported to Photoshop. telomerase activity. hTERT is a phosphoprotein, and its activity is modulated by a complex set of protein kinases, providing additional control on telomerase regulation. It has been shown that protein kinase B/Akt is involved in phosphorylation of hTERT protein and the up-regulation of telomerase activity (26) . Telomerase activity in human breast cancer cells is significantly inhibited by the treatment with protein phosphatase 2A (52) . Treatment of human melanoma cells (SK-MEL 28) with the protein phosphatase inhibitor okadaic acid enhances both hTERT peptide phosphorylation and telomerase activity (26) . However, when these melanoma cells were treated with the phosphatidylinositol 3-kinase inhibitor Wortmannin, hTERT peptide phosphorylation and telomerase activity were down-regulated. In this study, Kang et al. showed that the serine residue at position 824 of hTERT was phosphorylated by the Akt (26) . In the present study, we observed that genistein treatment down-regulated phospho-Akt Ser 473 and Thr 308 dose-dependently in DU-145 cells without affecting the total Akt (Fig. 6) . Moreover, phosphorylation of hTERT was also decreased significantly after genistein treatment. These results clearly suggest that genistein acts at the posttranslational level to down-regulate phosphorylation of hTERT via the Akt pathway. Deactivation of Akt by genistein treatment has been shown by earlier study (53) . Beside Akt, PKC, another serine/threonine kinase, is also know to be involved in phosphorylation of hTERT and thereby telomerase activity (27) . It is possible that in addition to the deactivation of Akt, genistein might also inhibit PKC and thereby suppress telomerase activity. Future studies will be required to determine the whether PKC is involved in genisteininduced dephosphorylation of hTERT.
It is now well established that cellular localization of hTERT could be a potential mechanism of telomerase activation through hTERT phosphorylation linked to nuclear localization (54) . Nuclear translocation of hTERT from a presumably nonfunctional cytosolic location to a physiologically relevant nuclear compartment may be one mechanism of the regulation of the telomerase function in cells. It was previously reported that 14-3-3 proteins binds to and increases nuclear localization of hTERT (28) . Similarly, NF-nB p65 is also a posttranslational modifier of telomerase, which is involved in the intracellular localization of hTERT (29) . Using immunofluorescent staining, we showed that genistein treatment decreased the nuclear staining for hTERT, and the residual staining was observed in the cytoplasm (Fig. 6) , suggesting that genistein decreased the phosphorylation of hTERT and thereby was unable to bind its nuclear translocator or decreased phosphorylation of hTERT forced them to translocate from the nucleus to the cytoplasm. It is also possible that genistein might down-regulate NF-nB and/or 14-3-3 protein levels and thereby decrease their association with hTERT and eventually inhibits translocation to the nucleus. In fact, it has been shown that genistein decreases NF-nB activation and protein expression in prostate cancer cells (55) .
The question that might arise is how genistein-induced reduction of telomerase activity would be linked to the growth inhibition of cancer cells. We believe that in addition to telomere length regulation, telomerase acts as a growth-promoting factor and modulates the expression of various growth-promoting factors (basic fibroblast growth factor and epidermal growth factor receptor; 24, 25) . In fact, some of our preliminary results indicate that number of growth-promoting factors and cell cycle regulatory components are regulated by hTERT. Therefore, it is possible that reduction of TERT expression by genistein will inhibit growth-promoting and cell cycle regulatory factors that will eventually control growth of cancer cells. Our preliminary result also indicates that genistein treatment enhances PTEN expression in DU-145 cells (data not shown) that could ultimately deactivate Akt. Deactivation of Akt will increase GSK3a/h activity and eventually degrade c-Myc protein. Future studies will be necessary to define the precise molecular mechanism by which genistein deactivates Akt and down regulates c-Myc.
In summary, this study shows for the first time that genisteininduced repression of telomerase activity is multifactorial. Down-regulation of hTERT transcriptional activity as well as the posttranslational modifications of hTERT protein is involved in genistein-induced repression of telomerase activity in prostate cancer cells. Although the mechanisms of genistein-induced downregulation of c-myc expression and deactivation of Akt are elusive at this point, this study clearly suggests that genistein could be a potential therapeutic agent to repress telomerase activity and for the treatment of various malignancies, including prostate cancer.
